A simple graphic method is proposed for reconstructing phylogenetic trees from molecular data. This method is similar to the unweighted pair-group method with arithmetic mean, but the process of computation of average distances and reconstruction of new matrices, required in the latter method, is eliminated from this new method, so that one can reconstruct a phylogenetic tree without using a computer, unless the number of operational taxonomic units is very large. Furthermore, this method allows a phylogenetic tree to have multifurcating branches whenever there is ambiguity with bifurcation.
Introduction
There are many different methods for reconstructing phylogenetic trees from molecular data, e.g., the unweighted pair-group method with arithmetic mean (UPGMA) (Sneath and Sokal 1973) , the maximum-parsimony method (Fitch 197 l) , the distance Wagner method (Fanis 1972) , the modified Fan-is method (Tateno et al. 1982) , the maximum-likelihood method (Felsenstein 198 l) , the transformed-distance method (Fan-is 1977) , the neighbor-joining method (Saitou and Nei 1987) , and the stepwise ancestral sequence method (Tateno 1990) . But all these methods are quite complicated and time-consuming. Even when a moderate number of species, e.g., 10 species, are involved, it is difficult to reconstruct phylogenetic trees without the aid of a computer, except when UPGMA is used. UPGMA is certainly the simplest method, but it is still time-consuming when more than 10 species are involved. In the present paper I shall present a method for reconstructing phylogenetic trees which is simpler than UPGMA. The principle of this method is similar to that of UPGMA, but there is no need to recalculate new distance matrices in every step of the computation, as required in UPGMA. Therefore, it saves substantial computational time. It also has an advantage over UPGMA in that several alternative topologies are taken into account in obtaining the final tree. Many distance-matrix methods reconstruct only one phylogenetic tree for a given set of data. Extensive computer simulation studies, however, have shown that the probability of reconstructing the correct phylogenetic tree is not always high (e.g., see Tateno et al. 1982; Nei et al. 1983; Tateno and Tajima 1986; Saitou and Imanishi 1989) . To overcome this problem, Nei et al. (1985) and Hasegawa et al, (1985) developed a method for computing the standard errors of branching points in a reconstructed phylogenetic tree. Another solution to this problem is to present several plausible phylogenetic trees, Reconstruction of Phylogenetic Trees 579 with a certain score indicating a relative accuracy or a likelihood (e.g., see Fitch 197 1; Felsenstein 198 1, 1985; Kishino and Hasegawa 1989) .
In the present method, this problem will be solved by considering a composite tree that includes multifurcating branches, i.e., a tree similar to the consensus tree constructed by parsimony methods.
Principle of the New Method
I shall first briefly describe UPGMA and then explain the principle of the new method, since the latter was developed on the basis of the former. Suppose we have the evolutionary-distance matrix given in table 1. This matrix represents the distances for five hominoid species. According to UPGMA, we choose C and P and combine them into one group (CP), since the distance between C and P (0.0 118) is smallest in the distance matrix. Next, we compare four groups, i.e., CP, G, H, and 0. In this case the distances between CP and the others are computed by averaging the distances between C and the others and the distances between P and the others. For example, the distance between CP and G is the average (0.04215) of the distance between C and G (0.0427) and the distance between P and G (0.0416). Once we have a new distance matrix, two groups with the smallest distance in the matrix are again combined. In this example they are CP and H. This procedure is continued until all species are clustered into a single group. The final tree topology obtained is tree 1 in figure 1. The major computational burden in UPGMA lies in recomputation of distance matrices. Therefore, if we can eliminate the recomputation process from UPGMA, we can save substantial computing time. Then it is not difficult to reconstruct a phylogenetic tree for a large number of species, without the aid of a computer.
Let us now explain the principle of the new tree-making method. As for UPGMA, we choose two species with the smallest distance in the distance matrix to make a new group. In the above example C and P are combined. Then, instead of computing average distances, either one of them is used at the next step. If we choose C and ignore P, the distance between G and H (0.037 1) is smallest in the distance matrix in table 1. On the other hand, if P is used, the distance between P and H (0.0327) is smallest. In the former case, G and H are combined, and G or H is used at the next step. We therefore obtain tree 2 in figure 1. In the latter case, CP and H are combined, and C, P, or H is used at the next step. We then obtain tree 1 in figure 1. Thus, we have two possible phylogenetic trees. When we have a large number of species, we may obtain a large number of possible phylogenetic trees. In the new method we avoid such a complicated situation by making a single composite tree. The composite tree is constructed by considering multifurcating branches as well as bifurcating ones, as in the case of maximum-parsimony methods. In the present example, if we allow a trifurcation, we obtain tree 3 in figure 1, since this tree can be obtained from trees 1 and 2 by eliminating one interior branch from each tree (indicated by arrows in fig.  1 ); that is, whenever two or more types of clustering are possible, we combine three or more groups into one cluster by allowing multifurcations. In the next section an algorithm of this method is presented.
Incidentally, the present method has some similarity to the method of singlelinkage clustering (see Sneath and Sokal 1973, pp. 216-222) . In the single-linkage clustering method, however, the mutually most similar pairs are combined in each step of clustering, so that this method always produces a bifurcating tree, unless two or more distances have the same value. In the above example, tree 1 in figure 1 is produced.
Algorithm

Topology
In the present method, phylogenetic trees are reconstructed graphically. Suppose that there are n operational taxonomic units (OTUs), and let D, be the distance between OTUs i and j. If Dij is smallest among Dik'S for all k except k = i, then we draw a graph by putting a line with an arrow from OTU i to OTU j. This is done for all i's. In the case of the above example, D cp, Dpc, DGH, DHP, and Dop are smallest for C, P, G, H, and 0, respectively, so that we have graph 1 in figure 2. Suppose that one moves in the directions indicated by arrows, to find a route through which he can return to the original position. All the OTUs included in this route are then clustered. In this example, we start to move from C to P and return to C, so that C and P are clustered first. Next, we choose the second smallest distance for each OTU in the same way as above and add the lines with arrows to the previous graph. In this example, DCH, DPH, DGp, DHC, and DOH are chosen for C, P, G, H, and 0, respectively. Then we have graph 2 in figure 2. In this case we can move among C, P, G, and H, so that these four species are clustered. Since C and P have already been clustered, graph 2 implies a trifurcation of CP, G, and H. This procedure is repeated for the third smallest distances, the fourth smallest distances, and so on, until we have only two groups of OTUs left. In this'example we already have CPGH and 0 as the last groups, so the final tree takes the form bf tree 3 in figure 1. It is important to note that in this method the order is necessary, so that evolutionary distances used have to increase with evolutionary time. This assumption is essentially the same as that of UPGMA. The effect that violation of this assumption has on reconstructed phylogenetic trees will be discussed later.
Another problem that arises with this tree-making method is that occasionally we may find two or more (first, second, third, . , .) smallest distances for each OTU. In this case we assume that all of them (first, second, third, . . .) are smallest and draw two or more lines with arrows for each OTU. A hypothetical example is given in table 2 and figure 3. In this example, both DBA and DBc are smallest for B, and both DEB and DEF are smallest for E, so that graph 1 in figure 3 is produced. Since there is no second smallest distance for B and E but there are the two second smallest distances each for A (DAc and DAD) and D (DDB and D&, we obtain graph 2 in figure  3 . This graph immediately produces the phylogenetic tree in figure 3.
Branch Length
Branch lengths of a reconstructed phylogenetic tree can be estimated by using the procedure of UPGMA, in which a pair of branches extended from a common node are assumed to have the same length. For instance, in the example shown in table 1 and in tree 3 in figure 1, branch lengths a, b, and c are D&2 = 0.0059, (DCH + DcG + DpH + DUG + D"G)/ 10 = 0.0 192, and (DCO + Dpo + DHo + Do&8 = 0.0470, respectively. In this way w,e can estimate the branch lengths for any topology.
Computer Simulation
For constructing a tree topology, the new method uses not the distance values themselves but their relative values. In other words, this method is nonparametric and might be less accurate than UPGMA, which is parametric. Therefore, it is necessary to examine the accuracy of the topology constructed by this method.
To know this accuracy, I conducted a computer simulation. The method of the simulation was essentially the same as that of Tateno et al. ( 1982) and Saitou and Nei (1987) . Two model trees A and B each with eight OTUs given in figure 4 were used. I set a = 0.01, b = 0.04, and c = 0.07 in model trees A and B, following Saitou and Nei (1987) . As for the number of nucleotides in a DNA sequence, three cases were considered, i.e., 300, 600, or 900. The simulation was repeated 50 times for each set of parameter values.
To measure the accuracy of the topology estimated, the distortion index, dr, was used (Tateno et al. 1982; Tateno 1990 ). This index is based on Robinson and Foulds' ( 198 1) method, and dT = 0 if the topology of a reconstructed phylogenetic tree is the same as that of the model tree, and for eight OTUs dT = 12 if a reconstructed tree is topologically most distant from the model tree (Tateno and Tajima 1986) . The results of the computer simulation are shown in tables 3 and 4, which indicate that UPGMA tends to give the correct topology (dT = 0) more often than the new method. If we examine the accuracy by the average dT, however, we observe that UPGMA tends to perform only slightly better than the new method. If we evaluate the two methods by also taking simplicity into account, the new method might not be inferior to UPGMA in topological construction. . . . As shown earlier, when two or more topologies are possible, the new method gives a tree with multifurcation(s). The number of interior branches in a bifurcating tree, such as a tree reconstructed by UPGMA, is n -2. In the case of eight OTUs this number is thus six. If a reconstructed tree has multifurcation(s), this number is smaller than six. Table 5 shows the number of interior branches observed in the simulation, together with the average dT. This table indicates that, as the accuracy of evolutionary distance, i.e., the number of nucleotides in a DNA sequence, increases, the number of interior branches also increases and that, as the number of interior branches becomes larger, both methods tend to give better topologies. This indicates that the number of interior branches can be a measure of the accuracy of the topology obtained. 
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Numerical Example Sullivan et al. (1990) compiled the nucleotide sequences of 17 Adh genes (14 functional genes and three pseudogenes) from Drosophila species and reconstructed phylogenetic trees by using the maximum-parsimony method and the Fitch-Margoliash method (Fitch and Margoliash 1967) . Applying the present method to their data, I reconstructed a phylogenetic tree of 14 functional genes shown in figure 5. In the reconstruction I only used the number of synonymous substitutions per site as the evolutionary distance.
From this figure we can see that, within the subgenus Sophophora, D. mauritiana, D. sechellia, and D. simulans are clustered together before being joined by D. melanogaster, D. arena, and D. pseudoobscura in that order. This relationship is consistent with the phylogenetic trees obtained by Sullivan et al. ( 1990) . The species in the subgenus Drosophila have three copies of the Adh gene, i.e., Adh-I, Adh-2, and Adh-v (pseudogene), except in D. afinidisjuncta. However, I eliminated pseudogenes from the present analysis, since they may have evolved faster than functional genes because of codon usage bias (Bodmer and Ashburner 1984 ; also see Kimura 1983 ). Drosophila species "N" is an undescribed species from Navojoa, Sonora (Mexico), for which only Adh-l has been sequenced (Sullivan et al. 1990 ). Figure 5 indicates that the genes from the mulleri subgroup species, i.e., D. mulleri, D. mojavensis, and D. species "N," are clustered together before joining with those from D. hydei (the hydei subgroup species), but the detailed relationship within the mulleri subgroup species cannot be clarified. In fact Sullivan et al. have indicated that the details of the phylogenetic relationship for the mulleri subgroup species are affected by the tree-making method used.
As a result, the phylogenetic tree obtained by the new method well agrees with the trees obtained by more complicated methods, such as the Fitch-Margoliash method, except for the detailed relationship among the mulleri subgroup species.
Discussion
The new method and UPGMA both assume that the smaller the distance between two OTUs the closer the two OTUs. Therefore, when the evolutionary rate of DNA sequence varies substantially among different lineages, both methods might give incorrect topologies. Unlike UFGMA, however, the new method often gives an indication of varying evolutionary rate; that is, when the evolutionary rate varies, the new method tends to give a tree with multifurcation(s). An example is given in figure 6 , which shows that the two methods have constructed incorrect trees. The tree reconstructed by the new method has one trifttrcation, and the number of interior branches is reduced to one.
When the number of interior branches is small, we cannot tell whether unequal evolutionary rates caused the reduction of the number of interior branches. As mentioned earlier, a tree with more interior branches is more reliable than that with fewer, even if the evolutionary rate is constant. Therefore, whatever the reason, we had better not trust a reconstructed phylogenetic tree very much if the number of interior branches in this tree is small.
